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doi: 10.1016/j.bpj.2011.10.018Many bacterial toxins enter the cell via the endosomal path-
way, which involves bridging of the endosomal membrane in
response to acidification as a key step of infection. In diph-
theria toxin, this function is carried out by the T-domain
that refolds, inserts into the membrane, and translocates the
catalytic domain attached to its N-terminus (1,2). The exact
molecular mechanism is not well understood, but it is clear
that the central issue is a membrane-mediated refolding pro-
cess, encompassing targeting to the membrane, and a series
of interface-directed conformational changes, resulting in
multiple charged groups crossing the bilayer and establishing
a bilayer-spanning transmembrane (TM) conformation.
Whereas the structure of the soluble T-domain at neutral
pH (Fig. 1) has been known for almost two decades (3), little
structural information is available for the membrane-associ-
ated protein. What is known, is that the insertion/transloca-
tion pathway leading toward the final open-channel state (4)
contains multiple intermediates (5–9). Almost all studies
agree that the most hydrophobic helical pair (TH8-9) inserts
across the bilayer in a TM conformation (10–12), while the
rest of the structure adopts multiple conformations. There-
fore, identifying mutations of titratable residues capable of
altering the insertion pathway not only provides insights
into the nature of acid-induced conformational switching,
but is also potentially useful for future high-resolution
studies of key intermediates.Previously we demonstrated that the pH-dependence of
themembrane action of the T-domain is modulated by at least
two staggered titration transitions (12). Histidines have been
implicated in triggering the pH-dependent conformational
changes in theT-domain (7,13), and recentlywedemonstrated
the role of H257 as a major component of the conformational
switch leading to destabilization of the folded state in solution
(14). The role of the C-terminal cluster of histidines, H322,
H323, and H372, however, remains unclear. Based on their
location, flanking the consensus insertion domain TH8-9
(Fig. 1 A), we hypothesized that their timely protonation is
important for the insertion process. To test this hypothesis,
we have followed our previous mutagenesis strategy (14)
and studied mutants in which all three residues were replaced
with either neutral (triple-Q) or positively charged residues
(triple-R). Either replacement resulted in similar behavior
described below, indicating a particular role of C-terminal
histidines in the functioning of the T-domain.
To verify that triple replacement did not cause misfolding
of the protein, we measured its secondary structure and
thermal denaturation using circular dichroism as described
in the Supporting Material and Rodnin et al. (15). We
FIGURE 1 (A) Crystallographic structure (3) of theWTT-domain
of diphtheria toxin (semitransparent atomic surface). Consensus
membrane insertiondomainTH8-9 (backbone ribbon).C-terminal
histidines H322, H323, and H372 (colored stick structures). (B)
Thermal denaturation of T-domainmutantsmeasured by circular
dichroism. (Symbols) Ellipticitymeasurements at 222nm. (Lines)
Fits with Eq. S1 (see the Supporting Material). Triple replace-
ments of these residues with either R (red) or Q (green) do not
significantly perturb stability of the protein at pH 8, as judged
by changes in enthalpy DHo and transition temperature Tm.
FIGURE 2 Structure-function analysis of the T-domain
mutants. (A) Insertion of TH8-9 hairpin followed by changes in
fluorescence of NBD attached at position 369 as described in
Kyrychenko et al. (12). Membrane interaction was initiated by
addition of vesicles at times indicated (arrows) at pH 4.5 (solid
lines) or pH 6.0 (dotted lines). (B) T-domain-induced leakage of
vesicle content at pH 4.5. (C) Translocation of the N terminus
measured by proteolytic cleavage as described in the text. (Error
bars) SD of triplicate measurements. Lipid composition in
panelsA–Cwas 3:1 M:M POPG:POPC. (D) Cytotoxicity measure-
ments using the protein synthesis inhibition assay with entire
toxin as described in the Supporting Material and Rodnin et al.
(14). The loss of functional activity correlates with the loss of
translocation, but not of insertion into the bilayer.
L42 Biophysical Lettersobserved only marginal changes in ellipticity of the folded
state, unfolding enthalpy DHo, or transition temperature
Tm (Fig. 1 B). All three proteins also exhibited the same
spectral positions of tryptophan fluorescence (not shown).
Such behavior differs from that of the previously described
H257R mutant, which showed substantial unfolding in solu-
tion (14). We conclude that unlike H257, the C-terminal
histidines are not involved at the early stages of conforma-
tional switching occurring before membrane interaction.
Next, we compared membrane interactions of the triple
mutants with those of the wild-type (WT):
First, we determined the kinetics of bilayer insertion by
monitoring fluorescence of the environment-sensitive dye
NBD selectively attached to a single cysteine residue engi-
neered into the middle of the TH9 helix (Q369C) (Fig. 2 A).
Previously we demonstrated that such measurements are
specific to TM insertion of the consensus domain (12).
Our results indicate that insertion of TH8-9 for both mutants
is fast and complete at pH 4.5 (Fig. 2 A, solid lines). The rate
of insertion measured at pH 6.0 (Fig. 2 A, dotted lines)
appears to be fastest for the triple-R mutant and slowest
for the triple-Q, with WT falling in between. The kinetic
variations are consistent with the hypothetical mechanism
of formation of the important interfacial intermediate (inser-
tion-competent state), promoted by favorable interaction of
protonated histidines with anionic lipids (12). The overall
degree of insertion, however, is similar for both mutants to
that of the WT at either pH.
Second, we have monitored a general perturbation of the
bilayer caused by insertion using a vesicle leakage assay, per-
formed as described before (14). Briefly, large unilamellar
vesicles (LUVs) were preloaded with ANTS/DPX dye/
quenchermixture and their releasewasmonitoredfluorimetri-
cally (the datawere normalized to a 100% release level by dis-Biophysical Journal 101(10) L41–L43rupting theLUVswithTriton-X100).Our results indicatevery
similar levels of vesicle leakage forWT, triple-R, and triple-Q
mutants (Fig. 2 B). The requenching analysis (16) indicates
a similar all-or-none mechanism of permeation (not shown).
We examined translocation activity of T-domain using
proteolytic cleavage of the N-terminal His-tag peptide trans-
located inside thrombin-loaded vesicles (see Supporting
Material). A membrane sample was prepared in which
thrombin was placed inside LUVs, and thrombin inhibitor
hirudine was added to the outside to ensure that cleavage
occurred only for translocated N-terminus. Then, a recombi-
nant T-domain containing a thrombin cleavage site 17-
amino-acids downstream from the N-terminus was added
and membrane insertion was initiated by lowering the pH.
After a 2 h incubation, the sample was solubilized and
analyzed by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis to determine the appearance of the cleaved
T-domain. Our data indicate that translocation-associated
cleavage was more efficient in the WT than in the triple
mutants, especially triple-R (Fig. 2 C).
To confirm that the observed loss of translocating ability
in the triple-R and triple-Q T-domain mutants has physio-
logical significance, we introduced the same replacements
into the full-length toxin. These measurements were per-
formed using a weakened strain of the toxin carrying the
FIGURE 3 Functional activity in planar lipid bilayers of triple-R
and triple-Q mutants studied using an electrophysiological
assay (1). (A andB) Record of the transmembrane current (upper
trace) at 530 mV voltage (lower trace) versus time. For each
record, 11 nM of mutant T-domain was added to the cis compart-
ment at the start of the record (first arrow), followed by addition
of 8 nM of WT (second arrow). The addition of WT caused
a much greater increase in the current than did either mutant.
The results indicate a substantial loss of ability to form the
open-channel state by the mutants.
Biophysical Letters L43E148S mutation in the catalytic domain to reduce the toxic
potency (17). Cell death was determined by monitoring the
inhibition of protein synthesis. The results indicate that
replacements of the C-terminal histidines indeed cause
partial loss of function (Fig. 2 D), which correlates with
the loss of translocation.
Taken together, our results indicate that a cluster of
C-terminal histidines, H322, H323, and H372, is important
for the functioning of the T-domain and that they are likely
to be involved in the late stages of the insertion pathway,
perhaps the formation of the so-called open-channel state.
To verify this conclusion, we performed conductance mea-
surements using planar lipid bilayers as described previously
(1,14), which indeed demonstrate a negligible activity of
both mutants compared to that of the WT (Fig. 3). The exact
mechanism of involvement of C-terminal histidines on the
final stages of insertion/translocation is not yet clear; how-
ever, it is reasonable to assume that changes in protonation
are required to occur on a very specific step of conformational
rearrangement of the T-domain already on the membrane.
This type of conformational switching is clearly different
from the initial one occurring in solution and involving
protonation of H257 (14). We shall continue studies of the
molecular mechanism of refolding using various experi-
mental and computational tools, as it is clear that the mutants
identified in this studywill be instrumental in deciphering the
complex insertion pathway of the T-domain.SUPPORTING MATERIAL
A Methods section with one equation and one figure is available at http://
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